ABSTRACT: Expansion of the biodiesel industry has increased the crude glycerin (CG) supply. Crude glycerin has the potential of replacing corn in ruminant diets because the glycerol can be converted to glucose in the liver of ruminants, providing energy for cellular metabolism. The objective was to evaluate the effects of CG with urea, soybean meal, cottonseed meal, and corn gluten feed, respectively, on intake, digestibility, microbial protein yield, and efficiency of N utilization. Five Nellore bulls (initial BW of 448 kg [SD 14]) grazing tropical pasture were used in a 5 × 5 Latin square design. The supplements were control (no supplementation; only free-choice mineral mixture ad libitum), CG with urea (CG-Urea), CG with soybean meal, CG with cottonseed meal, and CG with corn gluten. Crude glycerin was used in all supplements to replace corn (15% of DM supplement). There were differences between CG-Urea and other supplements with regard to intake of DM (% of BW and total; P < 0.01), OM (P < 0.01), CP (P < 0.01), and TDN (P < 0.01). The digestibility of CP was greater (P = 0.04) for animals supplemented with CG-Urea than for those fed other supplements. Animals supplemented with CG-Urea showed greater N intake (P < 0.01) and N ammonia (P = 0.04) than those supplemented with other treatments. Nitrogen retained (g/d) was not affected by protein source but was greater for cattle fed a protein supplement compared with cattle fed the control supplement (P < 0.01). Supplementing the animals with protein sources increased (P = 0.02) the daily production of rumen microbial nitrogen (g/d) compared with the control group. Microbial protein (g/d) was lesser for the control than for protein sources (P = 0.02). However, when expressed relative to TDN (P = 0.35) and CP (P = 0.82), there were no differences across treatments. Crude protein intake per digestible OM intake (g CP/kg digestible OM intake) was greater for animals fed protein sources compared with animals fed control supplements (P < 0.01). Based on nutrients intake and microbial protein yield, CG-Urea supplement has a greater feeding value compared with other protein sources. Crude glycerin, when used to replace corn in 15% of DM supplement, may be effective to improved N utilization and microbial protein yield in rumen of Nellore bulls grazing Brachiaria brizantha cv. Marandu.
INTRODUCTION
Among the primary environmental concerns is the emission of nitrous oxide (N 2 O) to the environment, because it has global warming potential 310 times greater than that of carbon dioxide (IPCC, 1997) . Several aspects of ruminant nutrition can be directly related to N emissions from cattle excreta (manure and urine): inefficient utilization of feed N in the rumen, inaccurate prediction of animal RDP and RUP requirements, and underestimation of the role of urea recycling to the rumen as a mechanism of N preservation .
The inadequate supply of RDP in relation to fermentable carbohydrates causes negative effects on fiber digestion and, consequently, loss of energy (Van Kessel and Russell, 1996; Klevesahl et al., 2003) and reduction of microbial efficiency (Hoover and Stokes, 1991) . Nutrient synchrony refers to providing dietary protein and energy sources to the ruminal microorganisms to improve capture of N, improve efficiency of ATP use for microbial growth, and increase nutrient supply to the host animal.
Expansion of the biodiesel industry has increased the crude glycerin (CG) supply. Glycerin is an energy-dense feed that can be used to partially replace starch-based ingredients in the diet of ruminants, such as corn, because glycerol is converted to VFA or is directly absorbed from the digestive system and acts as a precursor for hepatic glucose synthesis (Rémond et al., 1993; AbuGhazaleh et al., 2011) .
If nutrient balance is important, then altered rate and extent of ruminal degradation of key nutrients in byproducts relative to traditional feedstuffs becomes important to evaluate. The hypothesis of the present study is that CG with urea could have a better energy and protein synchrony in the rumen compared with other supplements, reducing N excretion without affecting microbial protein yield. This study evaluated the effects of CG with various protein sources on intake, digestibility, microbial protein yield, and efficiency of N utilization from Nellore bulls grazing tropical pasture.
MATERIALS AND METHODS
The trial was performed at the Faculdade de Medicina Veterinária e Agronomia, Universidade Federal de Mato Grosso (UFMT; Cuiabá, Mato Grosso, Brazil), following the humane animal care and handling procedures, according to the UFMT guidelines.
Animals and Management
The experiment was conducted during the rainy season at the beef cattle facility (15°47′5″ S, 56°04′ W, and 140 m above sea level) of the Basic Sciences and Animal Production Department, UFMT, from December 2010 to March 2011. The climate is classified as a tropical climate (Aw in the Köppen international system), the average maximum temperature was 32.8°C, and the average minimum temperature was 19.7°C. The average precipitation was 229.1 mm, with maximum precipitation of 359.3 mm during March.
Five Nellore bulls with an average age of 25 mo and BW of 448.2 ± 14.8 kg were used in the experiment to evaluate the effects of crude CG with differing sources of protein in the supplements on intake, nutrient digestibility, NH 3 -N, microbial protein yield, and efficiency of N utilization of Nellore bulls over five 17-d periods. The experiment was structured in a 5 × 5 Latin square design with 5 treatments and 5 periods. Each period consisted of 12 d for adaptation to the supplement and 5 d for sampling. Initially, the animals were weighed, identified, treated against ecto-and endoparasites by administration of ivermectin (Ivomec; Merial, Paulínea, Brazil), and allocated into 5 paddocks of 0.24 ha each, consisting of Brachiaria brizantha cv. Marandu. The paddocks were fitted with smooth wire fencing, waterers, and individual feed bunks.
The diets used consisted of crude CG associated with protein sources, with different proportions of RDP and RUP. Crude glycerin , a byproduct from the biodiesel agroindustry, has the potential to replace corn in ruminant diets (at 10 [Schröder and Südekum, 1999] , 15 [Donkin, 2008] , and 8% of DM [Parsons et al., 2009] ) because the glycerol can be converted to glucose in the liver of ruminants, providing energy for cellular metabolism (Goff and Horst, 2001 ). However, the effects of CG combination with different proportions of RDP and RUP on efficiency of N utilization and microbial protein yield have not been well defined.
In addition, most studies of ruminants used the crude CG in high-concentrate diets (Parsons et al., 2009; Mach et al., 2009 ). However, the substitution of corn as the energy source with the supplementation of forage-based diets with crude CG has been shown to improve feed conversion (Pyatt et al., 2007 , Mach et al., 2009 ) without any negative effect on growth performance (Ramos and Kerley, 2012) . In this sense, based on these previous studies, CG inclusion level of 15% of DM supplement (about 300 g/d CG intake) would have a better energy value, without affecting intake, digestibility, and ruminal parameters of animals grazing tropical pasture (forage based diets).
This byproduct was used in all supplements to replace corn (15% of DM supplement). Crude glycerin (927.30 g/kg DM, 67.78 g/kg mineral matter, 12.51 g/ kg ether extract, and 911.62 g/kg glycerol) was acquired from a soybean oil-based biodiesel production company (Barralcool, Barra do Bugres, Mato Grosso, Brazil). The supplements were the control (no supplementation; only free-choice mineral mixture ad libitum), CG with urea (CG-Urea), CG with soybean meal (CG-SBM), CG with cottonseed meal (CG-CSM), and CG with corn gluten (CG-CGF). The supplements were formulated to be isonitrogenous and isoenergetic, with CP and TDN contents of approximately 30 and 70%, respectively. Ingredients were sampled in each period during the study. The proportion of ingredients and the chemical composition of supplements are presented in Table 1 .
Animals were individually supplemented at the rate of 300 g/100 kg of BW daily at 1000 h in feed bunks and had ad libitum access to water and shade arranged in each paddock. Animals were individually weighed at the initiation of each period, without a fasting period, to relate the intake to animal BW. Average weights over the experimental periods were estimated based on the initial and final weights of each period.
The average sward height was randomly measured by reading 50 sampling points in each paddock with the aid of a measuring stick graduated in centimeters (Barthram, 1985) . Forage mass in each paddock was estimated for each period during the grazing study. Three forage samples, along with average sward height, were collected by clipping all forage within a 0.25-m 2 frame in each paddock at each sampling to 2.5-cm stubble height with hand shears. The clipped samples were dried to a constant weight under forced air at 55°C. Dry weights of these clippings were multiplied by the paddock area to estimate forage mass. Paddocks had an average forage mass of 1,679 kg/ha of DM and an average sward height of 16.6 cm ± 3.1. Paddocks were managed through continuous stocking (Allen et al., 2011) . Forage samples to address herbage chemical composition were collected using a hand plucking methodology (Johnson, 1978) to mimic forage selected by grazing steers. Samples were collected from each pasture during each period and were dried to a constant weight at 55°C under forced air. Afterwards, all collected samples were sent to laboratory for subsequent analysis of chemical composition.
Proximate Analysis
For proximate analysis, supplement ingredient samples, forage samples, and feces were dried at 55°C for 72 h. Samples were then ground in a Wiley mill (Thomas Scientific, Swedesboro, NJ) to pass through a 1-mm screen and analyzed for DM (method 934.01), OM (method 942.05), ether extract (method 920.85), and N using the Kjeldahl (method 981.10) in accordance with the AOAC (1995). For analyzing NDF concentration, the samples were treated with α thermostable amylase without sodium sulfite and corrected for ash residue (Mertens, 2002) and residual N compounds (Licitra et al., 1996) . Crude protein was calculated as the percentage of N in the sample multiplied by 6.25. Based on the feedstuff chemical composition, the TDN contents were assessed according to the NRC (2000), which estimates the values of digestible CP, digestible fatty acids, NDF corrected for digestible protein, and digestible nonfibrous carbohydrates.
Intake Estimation
Intake and nutrient digestibility were estimated in all periods, using the marker method: chromium oxide and indigestible NDF (iNDF) were used to estimate the excretion of fecal matter (as dry weight) and forage intake, respectively. The intake of concentrate was obtained through the individual supply of supplement, according to the BW of the animal.
Fecal samples were collected on d 13, 14, and 15 of each period, directly from the rectum, at 1600, 1100, and 0700 h on the first, second, and third days of collection, respectively. The fecal samples were dried at 55°C for 72 h and ground in a Wiley mill (Thomas Scientific) to pass through a 1-mm screen and then proportionately composited across day, for each animal, based on fecal dry weights.
To estimate DM fecal excretion, 15 g of chromium oxide was provided for 7 d by esophageal infusion, in which the first 4 d were used to stabilize fecal excretion of the marker and the last 3 d were used to collect the samples. Chromium was determined in feces by atomic absorption spectrophotometry (model 2380 spectrophotometer; PerkinElmer, Bois d'Arcy, France) at a wavelength of 357.9 nm with an air/acetylene flame directly on supernatant obtained by centrifugation (5,000 × g for 15 min at room temperature; Michalet-Doreau and Doreau, 2001).
Fecal DM excretion was estimated based on the ratio between the amount of marker supplied and its concentration in the feces, according to the equation described by Smith and Reid (1955) : FE = CrO 2 provided/CrO 2 concentration feces, in which FE = fecal excretion (g/d), CrO 2 provided = amount of chromium oxide provided (g/d), and CrO 2 concentration feces = chromium concentration in the feces (g/kg).
Forage DMI was estimated from the fecal output of the internal marker corrected for the supplement contribution following the equation described by Penning and Johnson (1983): forage DMI = (FE × iNDFFe -DMISup × iNDFSup)/iNDFFor, in which FE = fecal excretion (kg/d), iNDFFe = concentrations of the internal marker in feces (g/kg), DMISup = DMI of the supplement (kg/d), iNDFSup = internal marker in the supplement (g/kg), and iNDFFor = concentrations of the internal marker in forage (kg/kg). Total DMI (kg/d) was obtained by addition of forage and supplement DMI.
For determination of iNDF, 0.5-g samples of feces, forage, and concentrate were placed in 5 by 5 cm polypropylene bags (non-woven fabric, weight 100 g/ m 2 ). The samples were weighed to allow 20 mg DM/ cm 2 of surface area (Nocek, 1988) and incubated in the rumen of a fistulated Nellore bulls for a period of 240 h (Casali et al., 2008) .
When the bags were withdrawn from the rumen, they were soaked in water for 30 min and gently washed by hand under running water until the wash water ran clear. The bags were then analyzed, as described by Van Soest et al. (1991) , and iNDF was determined by weighing the bags with a digital scale after drying them in an oven, first at 55°C for 72 h followed by 105°C for 12 h. The residue was considered iNDF. Individual forage intakes were estimated by subtracting marker excretion from the concentrate from the total iNDF excretion and dividing that difference by the concentration of the marker in the forage.
Ruminal Fermentation
Concentration of ammonia nitrogen (NH 3 -N) in the rumen fluid was measured during d 17 of each period. Ruminal contents were manually obtained at 0 and 4 h after 1000 h supplementation. Rumen fluid was obtained from several sites within the rumen and strained through 2 layers of cheesecloth. The samples were poured into 50-mL plastic flasks with 1 mL of 9.3 M H2SO4 and frozen at -20°C for subsequent analysis of NH 3 -N concentration. Ruminal fluid NH3-N was analyzed by distilling with 2 M KOH in a micro-Kjeldahl system, according to the original procedures of Fenner (1965) .
Microbial Protein Yield
To determine the microbial protein yield, spot samples of urine were collected on d 16 of each experimental period, 4 h after of supplementation, by spontaneous urination. Two aliquots were stored in the form of spot samples. The first aliquot was used to assess the concentration of creatinine, uric acid, and allantoin. Urine samples were filtered and aliquots of 10 mL were diluted in sulfuric acid at 0.036 N to avoid bacterial degradation of purine derivatives and uric acid precipitation. The second aliquot, 50 mL of pure urine, was used to determine urea concentration.
Allantoin in the diluted urine spot was analyzed using the colorimetric method according to the method of Fujihara et al. (1987) as described by Chen and Gomes (1992) . The final point colorimetric method was used to determine uric acid concentrations in urine (Labtest Diagnostic S.A., Lagoa Santa, Brazil). The total excretion of purine derivatives was calculated from the sum of the quantities of allantoin and uric acid excreted in the urine, expressed as millimoles per day.
Absorbed purines (x; mmol/d) were estimated from the excretion of purine derivatives (y; mmol/d) using the following equation: y = 0.85x + 0.385BW 0.75, in which 0.85 is the recovery of absorbed purine as purine derivatives and 0.385BW 0.75 is the endogenous contribution to the purine excretion (Verbic et al., 1990) .
The ruminal synthesis of nitrogenous compounds (Pabs; mmol/d) was calculated based on the amount of absorbed purines (x; mmol/d) according to the equation proposed by Chen and Gomes (1992) :
in which Nmic is the microbial nitrogen compound synthesis, 70 is the N content in purines (mg/mol of N), 0.134 is the ratio of purine N to total N in bacteria, and 0.83 is the intestinal digestibility of microbial purines. The microbial efficiency was calculated as total microbial biomass per TDN intake (NRC, 2000; Valadares Filho et al., 2010) .
Urine volume was estimated by multiplying animal live weight (kg of BW) by the daily creatinine excretion (mg/kg of BW) and dividing the product by the creatinine concentration (mg/L) in the urine (Chizzotti et al., 2008) . Urinary creatinine excretion (UCE; g/d) was related with the shrunk BW (SBW) and estimated according to the equation proposed by Silva et al. (2012) :
Daily excretion of N was calculated as the product of the urea concentration and the urinary volume after 24 h, which was then multiplied by 0.466, corresponding to the N content in the urea (Rennó et al., 2000) .
The amount of N absorbed was obtained from the difference between the nitrogen ingested and the nitrogen excreted in the feces, whereas the N balance (N retained; g/d) was calculated as N retained = N consumed -N feces -N urine, in which N retained = N retained in the organism (g), N consumed = N consumed by the animal (g), N feces = N excreted in the feces (g), and N urine = N excreted in the urine (g).
Statistical Analysis
The experimental design was a 5 × 5 Latin square design with 5 treatments and 5 periods. The model included effects of animal, period, and treatment. Data of DM and nutrient intake, digestibility, NH 3 -N, microbial protein yield, and efficiency of N utilization were analyzed using the PROC MIXED procedure of SAS statistical software (SAS Inst. Inc., Cary, NC). Homogeneity of the data was verified using the UNIVARIATE procedure of SAS. Studentized residuals were plotted against the predicted values using the plot procedure to analyze data for outliers. The LSMEANS statement of the mixed procedure of SAS was used to calculate mean values. When the treatments were significant, the means were compared with Fisher's tests using the PDIFF option in the LSMEANS command. The level of significance used to assess differences among means was α = 0.05.
RESULTS AND DISCUSSION
This study evaluated the effects of crude CG and protein sources on intake, digestibility, microbial protein yield, and efficiency of N utilization of Nellore bulls fed Brachiaria brizantha cv. Marandu during the rainy season. The CG-Urea supplement, when compared with others protein sources and the control supplement, increased the intake of DM, OM, NDF, CP, and TDN (g/d). In addition, the results suggest that increased intake was not necessarily accompanied by an increase in digestibility, other than for CP. This was independent of protein source used, as there was an increase in N digestibility for supplemented animals compared with the control group.
There was no difference across treatments for fecal excretion of OM (P = 0.87), NDF (P = 0.76), or CP (P = 0.70). There was no effect of CG with various protein sources on digestibility of OM (P = 0.09) and NDF (P = 0.27) when compared with the control group. However, animals supplemented with protein sources increased at 21% (P = 0.01) digestibility of CP when compared with the control group (Table 2) .
Optimum utilization of dietary CP requires selection of complementary feed protein sources, which provide the types and amounts of RDP that will optimize the N requirement of rumen microbes (NRC, 2000) . The relatively high rate of absorption of ammonia by ruminants suggests that energy availability, or lack of synchrony between energy and N supplies, limits the use of available N by ruminal microorganisms (Huntington, 1997) . Optimum use of RDP (including NPN) would logically occur if protein and carbohydrate degradation in the rumen were occurring simultaneously. Protein degradation of many of the forages, for example, is rapid, and degradation of energy-yielding components of NDF is much slower (NRC, 2000) .
Nitrogen utilization efficiency in the rumen includes supply of fermentable carbohydrates and the modification of protein degradation rate (Dijkstra et al., 2007) . Rumen ammonia concentration is inversely related to the rate of energy fermentation, and different studies indicate that the efficiency of dietary N utilization will be improved when synchronization of carbohydrate and protein fermentation happens in the rumen (Hristov and Jouany, 2005) . Synchronization of starch and N supply to the rumen reduced absorption of ammonia and increased N retention in steers (Taniguchi et al., 1995) .
Fermentation rate is an inherent property of the feed (Russell et al., 1992) , which determines the amount of feed energy per unit of time for microbial growth. Thus, fermentation rate is positively associated with microbial efficiency (Van Soest, 1994) as it facilitates faster microbial growth and more diluted microbial maintenance requirements.
Crude glycerin has the potential to partially replace starch-based ingredients in the diet, such as corn, because glycerol is rapidly fermented to propionate in the rumen and acts as a precursor for hepatic glucose synthesis (Johns, 1953; Lee et al., 2011) . Trabue et al. (2007) indicated that 80% of glycerol is metabolized by ruminal microbes after 24 h in vitro incubation, resulting in a decreased acetate:propionate ratio, and Rémond et al. (1993) reported rapid fermentation of glycerol between 4 and 6 h using rumen fluid of animals previously fed glycerol for 2 wk. Consistent with these observations, Garton et al. (1961) conducted in vitro incubations of glycerol and observed that almost 25% of glycerol had disappeared after 2 h and almost 90% of the glycerol was undetectable after 8 h of incubation.
With regard to intake of DM (% of BW and total; P < 0.01), OM (P = 0.01), CP (P < 0.01), and TDN (P = 0.01), there were differences between protein sources and control supplement. Animals supplemented with CG-Urea showed greater intake of DM (g/d; P = 0.02), forage (P = 0.01), OM (P = 0.03), NDF (P = 0.02), CP (P = 0.03), and TDN (P = 0.03) than those supplemented with other protein sources (Table 2) . Therefore, the results of this study suggest that increased intake may be a function of greater availability of N from urea and readily available energy. This provided a more efficient utilization of the rapidly available N components in the diet and a concomitant increase in microbial growth and metabolism. Control bulls consumed less N than those fed with protein sources (P < 0.01). Animals supplemented with CG-Urea showed greater N intake (P = 0.03) than those supplemented with others protein sources. Ruminal NH 3 -N was greater for the CG-Urea treatment compared with the CG-SBM, CG-CSM, and CG-CGF treatments (P = 0.03) at sampling time 0 h. However, for time 4 h, there was no difference between protein sources (P = 0.18), but NH3-N was lesser for the control group (P = 0.02; Table 3 ).
Improvements in voluntary intake as a result of N supplementation frequently are associated with increases in the rate of passage and forage digestion (Ellis, 1978; McCollum and Galyean, 1985) . Increases in rumen microbial protein passage and improvements in N balance in response to improved synchronization of fermentable energy and protein sources have been demonstrated by Herrera-Saldana et al. (1990) and Matras et al. (1991) .
Ruminants have an overall average efficiency of N utilization (g N in product/g N intake) of around 25% (Kohn et al., 1997; Huhtanen and Hristov, 2009 ) and loss of NH3-N in the rumen is the main reason for this low efficiency (Tamminga, 1992) . Rumen ammonia concentrations are reflective of the balance between NH3 production in the rumen, incorporation into microbial protein, and disappearance across the ruminal wall or outflow with digesta (Pisulewski et al., 1981) .
There were differences between control group and protein sources on total grams of N excreted (P = 0.02). Daily fecal (P = 0.04) and urinary (P = 0.01) N excretion (g/d) was greater for animals fed protein sources compared with the control group. Urinary and fecal N excretion (% of total N excretion) were not affected (P = 0.68) by protein source or relative to the control. Similarly, urinary N excretion (% of N intake) was not affected (P = 0.48) by the supplement fed. However, fecal N excretion (% of N intake) was greater (P = 0.01) for the control supplement.
Rumen N losses occur primarily because of an imbalance between degradation of N-containing substrates and use of available N by microbes, resulting in elevated rumen NH3 concentrations. Key factors of N-use efficiency in the rumen include supply of fermentable carbohydrates and the modification of protein degradation rate (Dijkstra et al., 2007) . In diets based on tropical grasses, the positive effect of N supplementation on fiber degradation is typically only observed with rumen NH3-N concentrations of up to 8 mg/dL (Detmann et al., 2009 ). Therefore, providing an adequate RDP supply, and, consequently, an adequate concentration of rumen NH3-N, is the first priority for optimizing fermentative digestion of forage (Satter and Slyter, 1974; Macrae et al., 1979; Lee et al., 1987; Detmann et al., 2009) .
The results of this study demonstrated that concentration of rumen NH3-N was positively associated with N intake and was greater for the CG-Urea (14.73 mg/dL) treatment (Table 3) . However, independent of the protein source used, there was no difference in digestibility of OM and NDF. The absence of RUP effects on apparent digestibility of DM and OM were also observed by Pina et al. (2009) , who suggested that protein degradability had little effect on site and extent of OM digestion when the diets contained adequate levels of CP. In addition, although the forage CP content (9.0%) of the present study was greater, Atkinson et al. (2010) also reported no difference in total tract NDF digestibility when lambs were fed either RDP or RUP supplements with a basal diet of crested wheatgrass hay (4.2% CP) for ad libitum consumption.
In addition, the linear reduction in ruminal NH3-N concentration could be due to enhanced growth of ruminal microbial populations that would increase the NH3-N consumption, especially the fiber-degrading populations, with glycerol supplementation. Cellulolytic bacteria derive their N exclusively from NH3-N (Russell et al., 1992) . Nitrogen retained (g/d) was not affected by protein source but was greater for cattle fed a protein supplement compared with the control supplement (P < 0.01). Independent of the protein source used, there was an increase of 60% (P < 0.01) in the N utilization (N retained; g/d) for animals supplemented with protein when compared with the control group. However, N retained (% of N intake or % of digested N) was not effected by protein source or the control group (P = 0.15; Table 3) . Atkinson et al. (2007) suggested that RUP supplementation would not only provide additional MP for tissue deposition but that a portion of that RUP would serve as a source of N for endogenous recycling. According to these authors, ureagenesis from the N produced during deamination of AA supplied by supplemental RUP may occur more slowly than from excess ruminal ammonia. Therefore, the greater hepatic ureagenesis and subsequent increase in blood urea concentration at times further removed from supplementation, when the dietary supply of RDP has been depleted and the demand for recycled N has increased, could result in an increase in efficiency of N utilization by the animal, concomitant with a potential reduction in the need for supplemental protein. It is consistent with the results of this study, in which animals supplemented with CG and different proportions of RDP and RUP showed an increase of 60.1% N retained (g/d) compared with the control group.
Reducing dietary N levels consistently decreases ruminal NH3-N concentrations. Because ruminal NH3-N concentration is negatively correlated with urea N transfer into the rumen (Kennedy and Milligan, 1980) , the improved efficiency of N utilization with a lesser dietary N level is partly mediated by increased urea N recycling to the gastrointestinal tract (GIT; Lapierre and Lobley, 2001 ).
In ruminants, there is a constant recycling of urea between the liver and the GIT, a mechanism that conserves N (Stewart and Smith, 2005) . The recycling of urea can contribute to the ruminal ammonia pool for microbial production and improve efficiency of conversion of feed N to animal products (Lapierre and Lobley, 2001) . Therefore, between 0.04 and 0.73% of the digested N may return to the gut via the portal-drained viscera (Lapierre et al., 2005) . Urea transferred to the GIT can be utilized for microbial protein synthesis in ruminants fed lower-N, high-fermentable energy diets. However, when expressed in absolute amounts, the urea N transport from blood to the gut is little affected by changes in dietary N concentration (Marini and Van Amburgh, 2003) .
Animals supplemented with protein sources had greater values of total excretion of purine derivatives (mmol/d) than those in the control group (P = 0.01). Additionally, purine derivatives absorbed (mmol/d) was lesser (P = 0.04) for control animals compared with those supplemented with protein sources (Table 4 ). The daily production of rumen microbial N (MN; g/d), estimated from the urinary excretion of purine derivatives was not different between protein sources (P = 0.57) but was greater than the control supplement (P = 0.01). However, microbial N (MN) OM intake (DOMI; g=/kg DOMI) did not differ across treatments (P = 0.61; Table 4 ).
Many factors affect efficiency of N utilization (Russell et al., 1992; NRC, 2000) . The extent of protein degradation to achieve maximal microbial growth is dependent on the availability of NH3-N, especially in the presence of nonstructural carbohydrates and hemicellulose-fermenting bacteria, which preferentially scavenge peptides and AA before they can be deaminated to NH3 for use by structural carbohydrate fermenters (Griswold et al., 2003) .
Compared with ammonia, ruminal AA and peptides may increase the rate and amount of microbial protein synthesized (Aldrich et al., 1993) . Protein solubility, NPN content, and structure of proteins are some of the factors that affect ruminal degradability of N sources. Nitrogen solubility is positively associated with N ruminal degradability, mainly with shortterm (1 to 3 h) ruminal digestion (McDonald and Hall, 1957; Nocek, 1988; Chaudhry and Webster, 2001) . Nonprotein N is part of the soluble N fraction in feed components and is readily available for microbial use (Van Soest, 1994) . Its concentration positively relates to solubility of the N-containing fraction and to ruminal degradation of feed N sources.
Microbial protein (g/d) was lesser for the control group than for animals fed the protein sources (P < 0.02). When expressed relative to TDN and CP, there were no differences across treatments (P = 0.57 and P = 0.88, respectively). However, animals supplemented with CGUrea had greater values of microbial protein (g/d; P = 0.04) than those animals fed with other protein sources. Crude protein intake per DOMI (g CP/kg DOMI) was greater for animals fed protein sources compared with animals fed the control supplement (P = 0.01; Table 4 ).
Ruminally fermentable carbohydrate was the key dietary factor affecting microbial protein synthesis (Krause et al., 2002) . The type of carbohydrate (structural vs. nonstructural) may also affect microbial maintenance requirements because of differences in rates of fermentation (microbial growth rate) and rates of passage and because of effects on rumen pH (Strobel and Russell, 1986; Heldt et al., 1999; Sannes et al., 2002) . The amount of ATP derived per mole of substrate fermented, and, therefore, available for microbial growth, varies among types of substrate fermented in the rumen, which consequently affects the amount of microbial protein (MCP) synthesized per unit of OM fermented. The highest ATP yield results from fermentation of glucose derived from polysaccharides, whereas intermediate and lowest yields result from fermentation of soluble carbohydrates and proteins, respectively (Van Duinkerken et al., 2011) .
Results of this study in relation to microbial protein yield are in accordance with those shown by Henning et al. (1993) , in which synchronization between energy and N availability may be of less importance to bacterial growth efficiency than the energy supply pattern. This is because recycling of N by the animal can serve to synchronize the ruminal supply of these nutrients.
The ability of rumen microorganisms to synthesize protein from urea recycled to the rumen could, in theory, compensate for some of the potential loss of N that occurs through degradation of protein in the rumen and metabolism of AA absorbed from the gut (Calsamiglia et al., 2010) . Urea N that is recycled to the rumen provides an important source of ruminally degradable N for microbial protein yield, particularly when dietary N or ruminally degradable N supply is deficient (Lapierre and Lobley, 2001 ). In diets with a relatively high ratio of rumen fermentable energy to RDP, the flow of non-NH3-N into the duodenum can be greater than dietary N intake, reducing the amount of N excreted in urine through reduced ammonia absorption and urea synthesis. This high duodenal nonammonia N flow is possible when microbes in the rumen use more ammonia from recycled urea to synthesize MCP than ammonia produced from fermentation of dietary N sources. Therefore, the recycling of N to the rumen and subsequent incorporation of recycled N into microbial protein may well be central to the success of less N content diets in dairy production (Calsamiglia et al., 2010) .
Therefore, changes in ruminal degradability and microbial protein yield from the rumen will change the supply of absorbed N; specifically, the increased supply of protein to the abomasum and small intestine will increase AA absorption, and increased AA absorption will improve the production response to the extent that it had been limited by AA supply (Huntington, 1987) .
Crude protein intake relative to DOMI, in the present study, was greater for animals fed protein sources compared with the control group: 234.78 and 184.36 g of CP/kg of digestible OM, respectively. However, a greater proportion of CP per kilogram of DOMI was observed for CG-Urea supplementation, indicating greater N efficiency than the other treatments. Poppi and McLennan (1995) stated that losses of protein will occur when the CP content of the diet exceeds approximately 210 g/kg of digestible OM.
The excess N in relation to the energy availability for animal metabolism has several negative effects on voluntary intake (Illius and Jessop, 1996) . These include ATP deficiency in liver metabolism due to excessive utilization of the urea cycle (Visek, 1984) , increased body heat production (Poppi and McLennan, 1995) , and animal indisposition due to excess ammonia in the blood (Detmann et al., 2007) . Those negative effects are derived from diet unbalance and can decrease the voluntary intake of forage (Detmann et al., 2014) . Considering this, the greater intake of forage can be explained for the CG with urea treatment (9,416 g/d), where there was probably a greater N and energy balance in the diet.
Tropical pastures during the active growing season, the wet season, were not thought to be deficient in CP, because values are generally in excess of 7 to 8% CP (Poppi and McLennan, 1995) . However, Detmann et al. (2010) concluded that there is an imbalance between protein and energy in tropical pastures with a relative excess of energy. This type of imbalance decreases the efficiency of the utilization of ME and limits intake due to heat production from excess energy (Poppi and McLennan, 1995; Illius and Jessop, 1996) . Therefore, in this situation, the increase in dietary CP will be appropriate for the CP and digestible OM ratio and will optimize forage DMI (Detmann et al., 2014) .
Altering the protein:energy ratio of absorbed products through the use of supplementation strategies or changes in forage management (e.g., keeping forage more vegetative, increasing the leaf:stem ratio) might be one way of improving the efficiency of use of ME for energy retention. This would allow less heat production or stimulate protein synthesis without a major change in heat production (Leng, 1990; Poppi and McLennan, 1995) . In addition to CP content of forage, responses to supplemental protein are also dependent on forage type (e.g., C3 and C4) and, more importantly, that the physiological response of ruminants to supplemental protein may depend, in part, on the cell wall structure of the basal diet, with intake and digestibility of C4 forages increasing to a greater extent with supplementation compared with C3 forages of similar nutritional quality (Bohnert et al., 2011) .
Based on nutrients intake and microbial protein yield, CG-Urea supplement has a greater feeding value compared with other protein sources. Nitrogen that is recycled to the rumen provides an important source of ruminally degradable N for microbial protein yield, particularly to compensate for some of the potential loss of N. Crude glycerin, when used to replace corn in 15% of DM supplement, may be effective to improved N utilization and microbial protein yield in rumen of Nellore bulls grazing Brachiaria brizantha cv. Marandu during the rainy season.
In the face of population growth and increased demand for animal products and natural resources, the ability of ruminants to turn fibrous feed resources into edible animal food of high biological value is likely to become of greater significance in terms of global human food production as the population of the planet and demand for human-edible plant resources rapidly increases (Vinnari and Tapio, 2009; Dijkstra et al., 2013) .
Reducing N output in urine from cattle is critical to reducing NO3 leaching, NH 3 volatilization, and N 2 O emission and achieving an environmentally sustainable production. Large variation in N efficiency presents an opportunity to manipulate diets to improve N efficiency. Dietary strategies to reduce N losses should focus on an optimal relation between RDP and RUP and an optimal efficiency of absorbed AA utilization for tissue deposition. Integration between protein and energy metabolism is essential, and energy and protein should be considered conjointly rather than as 2 distinct groups.
On the other hand, to sustain profitability and thrive within their respective industries, livestock producers from all sectors are seeking ways to reduce production costs. Expansion of the biodiesel industry, and, consequently, an increased availability of crude CG, may result in a reduced-cost feed energy source when compared with traditional sources. Therefore, in the case of competitive prices, crude CG may effectively be used as a partial energy source in supplements of ruminants on tropical pasture.
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